INTRODUCTION
The h i g h v o l t a g e hold-off c a p a b i l i t y of broad-area vacuum-insulated e l e c t r o d e s i s limiter' by 3 field-induced e l e c t r o n emission p r o c e s s t h a t occurs a t i s o l a t e d microsco$>ic s i t e s on t h e cathode s u r f a c e [ l ] . These prebreakdown c u r r e n t s were o r i g i n a l l y a t t r i b u t e d t o a Fowler-Nordheitr: e l e c t r o n t u n n e l l i n g [2] from i s o l a t e d m e t a l l i c whisIcers, o r microprotrusions, where t h e macroscopic gap f i e l d i s geometrically enhanced from t y p i c a l o p e r a t i n g v a l u e s of 10-30 MV.m-I t o a t h r e s h o l d microscopic value of -3 X 109 v.m-l [3-51, More r e c e n t l y however, t h e f i n d i n g s from a range of dedicated a n a l y t i c a l s t u d i e s have been shown t o be i n s t a r k c o n f l i c t with t h i s model. Thus, t h e e l e c t r o n s p e c t r a of t h e process have "non-metallic" c h a r a c t e r i s t i c s 16-81, t h e emission o f electroluminescent o p t i c a l photons [ 9 , 1 0 ] , and l a s t l y , anode probe techniques have shown t h e emission t o o r i g i n a t e from anomalous i n c l u s i o n s t h a t a r e insul a t e d from t h e e l e c t r o d e s u r f a c e [ l 1-131 .
On t h e b a s i s of t h i s evidence Latham and co-workers 114-171 have proposed a field-induced h o t -e l e c t r o n emission FIHEE mechanism, o p e r a t i n g i n a metal-insulatorvacuum (HIV) regime, t o e x p l a i n t h e observed phenomena. This assumes t h a t under app r o p r i a t e i n t e r f a c e c o n d i t i o n s , e l e c t r o n s may t u n n e l from t h e metal s u b s t r a t e i n t o t h e conduction band of t h e d i e l e c t r i c i n c l u s i o n
, where they a r e then heated through 1-3ev by t h e p e n e t r a t i n g e l e c t r i c a l f i e l d and emitted over t h e s u r f a c e p o t e n t i a l b a r r i e r i n a q u a s i thermionic manner. This model, p a r t i c u l a r l y i n i t s most developed form [ 1 7 ] , h a s s u c c e s s f u l l y provided a q u a n t i t a t i v e i n t e r p r e t a t i o n o f both t h e l i n e a r form of t h e Fowler-Nordheim (FN) p l o t of t h e c u r r e n t -v o l t a g e c h a r a c t e r i s t i c (i.e. f,g1/v2 v e r s u s 1 / v ) , and t h e field-dependence of t h e s p e c t r a l half-width (FWI:M) and s p e c t r a l s h i f t AE,.
Furthermore, it provided a q u a l i t a t i v e explanation of t h e a s s o c i a t e d electroluminescence e f f e c t .
However, t h e r e i s considerable experimental evidence, which h a s l e d Latham 118, 191 t o suggest t h a t t h e r e a l s o a r e a s i g n i f i c a n t number of s i t e s where t h e emission o r i g i n a t e s from a metal-insulator-metal mlcrostructure.
For example, anode probe s t u d i e s [7, 13] have shown t h e s u p e r f i c i a l s t r u c t u r e o f s i t e s i s e l e c t r i c a l l y i n s u la t e d from t h e s u b s t r a t e e l e c t r o d e and f r e q u e n t l y c o n t a i n s m e t a l l i c elements.
Secondl y , it has been noted t h a t i f a t e s t e l e c t r o d e s u f f e r s a flash-over, t h e r e i s a drama t i c i n c r r a s e i n t h e s u r f a c e d e n s i t y of emission s i t e s , which a r e a s s o c i a t e d with
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986210 C2-68 "splashed" d r o p l e t s o f m e t a l l i c anode m a t e r i a l s [211, a p p a r e n t l y i n s u l a t e d from t h e s u b s t r a t e metal cathode by t h e s u r f a c e oxide. Thirdly, experiments i n i t i a t e d by Latham [l81 and co-workers [l91 e s t a b l i s h e d t h a t when carbon, i n g r a p h i t i c form, i s deposited on an e l e c t r o d e s u r f a c e , it c r e a t e s " a r t i f i c i a l " s i t e s t h a t have i d e n t i c a l e n i s s i o n c h a r a c t e r i s t i c s t o " n a t u r a l " s i t e s . This paper r e p o r t s on f u r t h e r s t u d i e s of t h e s e M I M s i t e s , and p r e s e n t s a q u a n t i t a t i v e model o f t h e emission mechanism. It i s c e n t r e d upon a UHV ((10-1°mbar) high-resolution hemispherical e l e c t r o n spectrometer [23] which i s i n t e r f a c e d with a p l a n e -p a r a l l e l high v o l t a g e t e s t gap c o n s i s t i n g of a cathode and an anode with an a x i a l probe h o l e . To l o c a t e t h e p o s i t i o n s o f indi v i d u a l emission s i t e s , t h e specimen i s s y s t e m a t i c a l l y searched by scanning it i n a s ? i r a l p a t t e r n i n f r o n t of t h e anode probe hole. When a s i t e comes on-axis, e l e c t rons p a s s i n g through t h e h o l e a r e d e t e c t e d by t h e spectrometer, and t h e i r s i g n a l i s used t o bright-up a s t o r a g e o s c i l l o s c o p e whose e l e c t r o n beam i s synchronously scanned.
2.

EXPERIMENTAL SYSTEMS
This f a c i l i t y t h e r e f o r e provides a high-resolution map showing n o t only t h e g e n e r a l s i t e d i s t r i b u t i o n on t h e specimen cathode, b u t a l s o t h e sub-structure of t h e i n d i v i d u a l s i t e s [151. Such a map may subsequently b s used t o r e l o c a t e any given s i t e on-axis where i t s I-V c h a r a c t e r i s t i c can be measured by recording t h e e l e c t r o n c u r r e n t c o l l e c t e d by t h e i n t e r f a c e l e n s a f t e r transmission through t h e anode probe
hole. A l t e r n a t i v e l y , t h e s e same e l e c t r o n s can be focused Fnto t h e e n t r a n c e a p e r t u r e of t h e a n a l y z e r f o r recording t h e energy spectrum of t h e s i t e , which f r e q u e n t l y reve a l e d a complex multi-peak s t r u c t u r e [161.
To i n v e s t i g a t e t h e p h y s i c a l o r i g i n of t h i s s p e c t r a l s u b -s t r u c t u r e
, t h e i n t e r f a c e l e n s has been s u c c e s s i v e l y modified [8, 24] t o i n c l u d e a phosphor s c r e e n a t t h e e n t rance a p e r t u r e of t h e i n p u t l e n s , and a s l o t i n t h e l e n s e l e c t r o d e t o view t h e s c r e e n ( s e e Figure 1 ) . Thus, t h e specimen, t h e anode, t h e l e n s and t h e s c r e e n form an e l ec t r o n o p t i c a l emission imaging system, which h a s comparable a n a l y t i c a l c a p a b i l i t y t o t h e conventional f i e l d emission microscope. For example, a p a r t from making d i r e c t o b s e r v a t i o n s of t h e v i s u a l c h a r a c t e r i s t i c s of t h e emission image of s i t e s , it i s a l s o p o s s i b l e , by qaking micro-adjustments t o t h e cathode p o s i t i o n and l e n s v o l t a g e , t o c e n t r e any d e s i r e d region of an imaqe over t h e probe h o l e and measure i t s energy spectrum.
3. EXPERIMENTAL DATA D e t a i l e d s t u d i e s o f emission s i t e s on a range mechanically and chemically p o l i s hed cathode m a t e r i a l s (e.g. Cu, A l , M O ) , have shown,/that t h e i r g e n e r a l c h a r a c t e r i s t i c s a r e n o t s i g n i f i c a n t l y influenced by t h e choice o f ' e l e c t r o d e m a t e r i a l o r s u r f a c e proc e s s j n g . Accordingly, t h e p r o p e r t i e s t o be described i n t h e following s e c t i o n s a r e t o be seen a s t y p i c a l of a p r o c e s s t h a t can occur on any e l e c t r o d e m a t e r i a l 111.
Emission image c h a r a c t e r i s t i c s
The emission images of a l l s i t e s studked can be broadly divided i n t o two types. The f i r s t , which accounts f o r 70-80% of s i t e s , i s i l l u s t r a t e d by t h e example of Fig s i s t i n g of s e v e r a l "new-moon" o r "orange" segments, whose outer-most edges a r e r e l at i v e l y well-defined.
Another important property of t h i s t y p e o f image, i s t h a t i t s o v e r a l l s i z e and, i n p a r t i c u l a r , t h e mean r a d i i of i t s c o n s t i t u e n t segments, i n
The f i r s t , r e p r e s e n t e d by t h e sequence of Figure 3a , measures t h e field-dependence of t h e s p e c t r a l response from a f i x e d p o i n t i n t h e image; i n t h i s c a s e t h e c e n t r e of t h e i n n e r segment, l a b e l l e d 5 on Figu r e 2b . Following a procedure d e t a i l e d elsewhere [17] , such a sequence may be used t o c o n s t r u c t a F-N p l o t of t h e emission, s i n c e t h e a r e a of each spectrum i s proporti o n a l t o t h e c u r r e n t d e n s i t y a t a given f i e l d . An e q u a l , i f not more important f e a t u r e o f t h e evidence of Figure 3a , i s t h a t it r e v e a l s f i r s t l y how t h e p o s i t i o n of t h e s p e c t r a l peak s h i f t s t o lower e n e r g i e s with i n c r e a s i n g f i e l d , and secondly how t h e s p e c t r a l half-width (Fi;IIE,!) a l s o i n c r e a s e s with i n c r e a s i n g f i e l d .
These e f f e c t s a r e i l l u s t r a t e d g r a p h i c a l l y i n Figure 4b and show
Figure 4 ( a ) Fowler-Nordheim p l o t of t h e emission from segment 5 of Figure 3b. (b) Field-dependence o f t h e s p e c t r a l s h i f t and F W H M b u i l t up from sequences such a s Figure 4a. how t h e s h i f t AEs i n c r e a s e s slowly a t low f i e l d s ( S 8 MV.m-l), b u t very much more r a p i d l y a t high f i e l d s . In c o n t r a s t , it w i l l be seen t h a t t h e F W H M e x h i b i t s a con-
verse field-dependence. Figure 3b , i n v e s t i g a t e s how t h e s p e c t r a l responsed v a r i e s from segment t o segment. Thus, with r e f e r e n c e a l s o t o Figure 2b , it w i l l be seen t h a t t h e r e i s a marked i n cr e a s e i n t h e emission c u r r e n t d e n s i t y between t h e o u t e r and innermost segment, coupl e d with a small b u t s i g n i f i c a n t s h i f t of t h e s p e c t r a maxima towards low e n e r g i e s . Figure 2a [81.
The second type of constant-gain s p e c t r a l measurement, which i s i l l u s t r a t e d i n
However, it i s important t o n o t e t h a t t h e magnitude of t h e s h i f t involved i n t h i s l a t t e r e f f e c t is very much l e s s than t h a t observed between t h e inclividual s p o t s of t h e image shown i n
DISCUSSION The concept of a hot-electron emission mechanism o c c u r r i n g a t M I M m i c r o s t r u c t u re s was f i r s t suggested by Latham [l81 following s t u d i e s of a r t i f i c i a l carbon s i t e s on broad-area e l e c t r o d e s [191. More r e c e n t l y , Xu and Latham C251 have f u r t h e r subs t a n t i a t e d t h i s proposal by i d e n t i f y i n g c l e a r s i m i l a r i t i e s between t h e emission image s obtained from carbon s i t e s and those obtained from e a r l i e r s t u d i e s on purposef a b r i c a t e d M I M s t r u c t u r e s [261. From a conparison of t h e emission images presented i n Figure 2b and c , it can be concluded from t h e p r e s e n t i n v e s t i g a t i o n t h a t a s i m i l a r type o f emission mechanism a l s o o p e r a t e s a t -25% of t h e emission s i t e s t h a t occur n a t u r a l l y on broad-area e l e c t r o d e s .
In t h i s c o n t e x t , it i s s i g n i f i c a n t t o n o t e t h a t from a s t a t i s t i c a l a n a l y s i s of t h e elemental composition of n a t u r a l l y o c c u r r i n g s i t e s on niobium [271, -20% were a s s o c i a t e d with carbon concentrations. Figure 4b , exh i b i t s t h e same l i n e a r low-field dependence found f o r carbon s i t e s [ 1 9 ] , and expected on t h e o r e t i c a l reasoning f o r a h o t -e l e c t r o n emission mechanism [14] . C l e a r p a r a l l e l s a
The e l e c t r o n s p e c t r a l s e r i e s o f Figure 3a and t h e derived d a t a of Figure 4 a l s o r e v e a l s s i m i l a r emission c h a r a c t e r i s t i c s t o t h o s e found f o r a r t i f i c i a l carbon s i t e s [19,251. I n p a r t i c u l a r , t h e half-width (FWHM)and s h i f t (AE,) d a t a of
l s o e x i s t between t h e s p e c t r a l d a t a of Figure 3b and t h a t found f o r carbon s i t e s [ X I ; namely, t h a t t h e r e i s o n l y a small d i f f e r e n c e i n t h e e l e c t r o n energy d i s t r i bu t i o n o b t a i n e d from t h e c o n s t i t u e n t segments of an emission image, A s w i l l now be discussed, t h i s l a t t e r important observation f u r t h e r s u p p o r t s t h e concept of h o t -
e l e c t r o n emission from a M I M regime i n which e l e c t r o n s a r e coherently s c a t t e r e d from t h e t o p metal e l e c t r o d e .
I n o r d e r t o o b t a i n t h e r e v e r s i b l e , s t e a d y -s t a t e emission c o n d i t i o n s described i n t h i s paper, it i s necessary t o assume t h a t t h e i n s u l a t i n g f i l m undergoes a channelforming process 116,171 s i m i l a r t o t h a t observed both i n purpose-fabricated M I M devi c e s [28] and a r t i f i c i a l carbon s i t e s [191. According t o t h i s model, it i s f i r s t l y assumed t h a t t h e i n t e r f a c e between t h e m e t a l l i c s u h s t r a t e and t h e i n s u l a t i n g l
o i n t where forward s c a t t e r i n g i s p o s s i b l e , an e l e c t r o n w i l l n o t be a b l e t o escape i n t o t h e vacuum i f i t s p a t h l e n g t h i n t h e t o p e l e c t r o d e i s longer than i t s mean f r e e p a t h ; i . Thus, e l e c t r o n s d i f f r a c t e d i n d i r e c t i o n 2, and having a v e l o c i t y v e c t o r p a r a l l e l t o t h e insulator-metal i n t e r f a c e which i s b i g enough f o r them t o surmount t h e s u r f a c e p o t e n t i a l b a r r i e r of t h e metal, w i l l be emitted i n t o t h e vacuum and form a "new moon" segment such a s shown i n Figure 2b . Experimental evidence s u g g e s t s t h a t i n many c a s e s , channels form i n c l u s t e r s i n t h e t r i p l e -j u n c t i o n r e g i o n , s o t h a t an image such a s shown i n Figure 3b w i l l c o n s i s t of s e v e r a l segments. For t h e i d e a l s i t u a t i o n where t h e p r o p e r t i e s of t h e s e channels and t h e i r a s s o c i a t e d geometrical f i e l d enhancement a r e t h e same, e l e c t r o n s a s s o c i a t e d with d i f f e r e n t segments i n an image would have t h e same energy d i s t r i b u t i o n . I n p r a c t i c e , it i s u s u a l l y impossible t o achieve t h e above c o n d i t i o n s s o t h a t t h e measured t o t a l energy d i s t r i b u t i o n s from t h e sepa r a t e segments w i l l be s l i g h t l y d i f f e r e n t , a s shown i n Figure 3b . Furthermore, i f t h e e l e c t r o n c u r r e n t i s monochramatic, it would form a s h a r p "new moon" segment, b u t s i n c e , i n f a c t , t h e e l e c t r o n s have a f i n i t e energy d i s t r i b u t i o n , t h e segments u s u a l l y appear t o be d i f f u s e d with a n i l l -d e f i n e d t r a i l i n g edge.
I t follows from t h i s reasoning t h a t with an i n c r e a s e i n t h e e l e c t r i c a l f i e l d , more and more e l e c t r o n s w i l l l h a v e enough energy t o emerge from t h e s u r f a c e . Consequ e n t l y , t h e o v e r a l l s i z e of a segment w i l l i n c r e a s e , and accordingly i t s s p e c t r a l half-width w i l l be broadened, which i s e q u i v a l e n t t o saying t h a t t h e e f f e c t i v e e l e ct r o n temperature Tei h a s increased. However, t h e energy gained by e l e c t r o n s from t h e p e n e t r a t i n g f i e l d i n t h e i n s u l a t o r i s n o t f u l l y used t o i n c r e a s e t h e i r k i n e t i c energy, s i n c e some i s i n e v i t a b l y l o s t t o t h e i n s u l a t o r through t h e c a r r i e r s c a t t e r i n g processes [29] t h a t w i l l occur a t t h e r e l a t i v e l y high e l e c t r i c a l f i e l d s e x i s t i n g i n t h e i n s u l a t o r when t h e above mechanism i s o p e r a t i n g . For example, e l e c t r o n s w i l l not be i n d e f i n i t e l y a c c e l e r a t e d s i n c e they w i l l l o s e energy by e i t h e r i n t e r a c t i n g with phonons of t h e c r y s t a l l i n e l a t t i c e o r themselves e m i t t i n g phonons t o t h e l a tt i c e .
Thus, t h e i n c r e a s i n g s p e c t r a l s h i f t with i n c r e a s i n g a p p l i e d e l e c t r i c a l f i e l d i s a m a n i f e s t a t i o n of such e l e c t r o n energy l o s s mechanisms.
Correspondingly, t h e broadening of t h e s p e c t r a l half-width i s evidence of an i n c r e a s i n g k i n e t i c energy of t h e e l e c t r o n , i . e . -3 k Te: t h e s e e f f e c t s a r e i l l u s t r a t e d q u a l i t a t i v e l y i n Figure   5a .
In g e n e r a l , ther;fore, t h e s p e c t r a l s h i f t and half-width vary conversely with t h e e l e c t r i c a l f i e l d , which i n a p h y s i c a l s e n s e , r e f l e c t s t h e energy conservation law.
CONCLUSION
Complementary experimental evidence i n t h e form of e l e c t r o n emission images and s e l e c t i v e a r e a e l e c t r o n s p e c t r a l d a t a has been presented which supports t h e concept of a field-induced hot-electron emission mechanism based on a M I M microstructure. A q u a l i t a t i v e model has a l s o been presented which f i r s t l y i s a b l e t o e x p l a i n t h e chara c t e r i s t i c segmented appearance of emission images i n terms of coherent e l e c t r o n s c a t t e r i n g within t h e upper metal e l e c t r o d e .
Secondly, it provides a c o n s i s t e n t explanation f o r t h e s p a t i a l and field-dependent p r o p e r t i e s of t h e e l e c t r o n s p e c t r a .
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